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How does a single photon couple to two electrons in an atom? This question has been
extensively discussed in the literature. Most of this discussion has been focused on the
photo double ionization (PDI) of the helium atom which is the simplest two-electron-
single-photon process. It is generally believed that at high photon energies the shake-off
mechanism makes the largest contribution to PDI. The shake-off is a relaxation of the
correlated initial state onto the new He+ eigenstates after a sudden removal of one atomic
electron. In contrast, close to the threshold, mainly one electron absorbs the photon and
knocks out the second electron in an (e,2e) like collision (the process which is called in
the literature the two-step-one, or TS1). The whole discussion on the PDI mechanisms
is based solely on theory and on measured total cross sections. Differential data were
available only in the regime of low energies, where the long range interaction between
the electrons completely masks the signatures of the ionization mechanisms.
In this joint experimental and theoretical work we provide the first direct evidence

for both mechanism by measuring the angular distributions of the photoelectrons by use
of the COLTRIMS technique (Cold Target Recoil Ion Momentum Spectroscopy). The
experiments have been performed at Bl. 4. They cover double ionization by linear and
circular polarized light.
The following observations present the arguments for a two-step picture in which

one electron absorbs the photon energy and its angular momentum and, subsequently,
the second electron is either shaken-off or knocked out. The top panel of 1 shows the
measured and calculated SDCS. It has a characteristic U-shape and peaks sharply at 0 eV
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Figure 1: PDI of He at h̄ω = 529 eV. a) SDCS dσ/dE. The line is a CCC calculation.
The insets show the DDCS dσ2/(dΩdE) at E = 2 eV and 448 eV. b) The asymmetry
parameter β versus the electron energy.

and 450 eV. This run of the curve is in contrast to the SDCS close to the threshold which
is almost flat. The bottom panel of 1 shows the measured and calculated β parameter.
We find an angular asymmetry parameter β � 2 for the very fast electrons and β � 0
for the very slow electrons. Two examples of the experimental DDCS at E = 2 eV and
448 eV are shown in the insets together with the line obtained from CCC estimates of the
SDCS and β. A very asymmetric energy sharing together with an angular asymmetry
parameter β � 2 for the fast electron indicate that the fast electron absorbs not only
most of the photon energy but also its angular momentum. This directly suggests an
interpretation of the PDI as a two-step process with the fast electron being the primary
photoelectron. The very slow electrons are emitted isotropically at very low energies as
expected for the shake-off, while β becomes slightly negative for higher energies indicating
a major role of the TS1 at higher energies of the slower electron.
After establishing the validity of a two step picture we show now, that the second

step of the PDI is dominated by the shake-off mechanism for very low energetic electrons
(about 1 eV), while 30 eV electrons are created mainly by a binary (e,2e) like collision.
In brief, the shake-off results in a almost isotropic, slightly backward directed emission
of the slow electron with respect to the fast one, while any binary collision between the
electrons leads to an angle of 90 deg between them.
The TDCS for electrons E2 < 3 eV (figure 2b) has a pear-like shape peaked at 180◦

to the fast electron. Contrary to all TDCS reported at lower photon energies so far, these
slow electrons show a significant intensity for parallel emission into the same direction.
This is possible because of the very asymmetric energy sharing of the two electrons. The



1 eV
= E2

(a)

449 eV
= E1

(b)

30 eV
= E2

(c)

420 eV
= E1

(d)

Figure 2: TDCS of the He PDI at 529 eV photon energy. In all panels the electrons are
coplanar within ± 25◦, the polarization axis is horizontal. The direction and the energy
of one of the two electrons is fixed as indicated by the number and the arrow, i.e. the
slow electron is fixed in panels (a) and (c) and the fast electron is fixed in (b) and (d).
The polar plots show the angular distribution of the complementary electron. The upper
panels (a) and (b) are for the case E2 � 2 eV; the lower panels have E2 � 30 eV. The
solid line is a full CCC calculation, the dashed line is a shake-off only CCC calculation.
The measurements are normalized to the full CCC calculation.

solid line is a full CCC calculation which is in excellent agreement with the measurements.
The TDCS for electrons E2 � 30 eV (figure 2 c,d) are completely different from the

low energy ones. We find emission of the electron into a narrow cone at 90◦ to the fast
electron (figure 2 d). An angle of 90◦ between the electrons is expected from a binary
collision between the electrons.
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